The factors influencing the cationization of microcrystalline cellulose with 3-chloro-2-hydroxypropyl triethylammonium chloride in the presence of NaOH were investigated. The course of the reaction was followed by estimating the nitrogen content of the cationized product while its structural features were confirmed by IR analysis. The ability of cationized cellulose to adsorb anionic dyes, viz. Acid Orange 7, Direct Blue 75 and Direct Violet 31, was investigated at 25ºC and 50ºC. The equilibrium data obtained were fitted by the Langmuir and Freundlich isotherm models, allowing the corresponding adsorption parameters to be determined. The results showed that the adsorption capacity was dependent on the adsorbent, temperature, the nature of the dye and (to some extent) on van der Waals and hydrogen bonding. Cationized cellulose exhibited a much better adsorption capacity towards anionic dyes than cellulose.
INTRODUCTION
Synthetic dyes are widely used in a number of industrial processes such as textile and paper dyeing and in printing and colour photography. At present over 100 000 dyes are available commercially with 7 × 10 5 tonne of dyestuff being produced annually (Zollinger 1987; Meyer 1981) . Inefficiency in dyeing processes results in 10-15% of all dyestuff being lost directly to wastewater and ultimately finding its way into the environment (Meyer 1981) . Dye effluents have poor biodegradability and proceed through biological wastewater treatment processes without undergoing any metabolic change (Shaul et al. 1988) . Attempts have been made to remove dyes by chemical flocculation (Smith and Brent 1993) , biological degradation (Nigam et al. 1996; Guoging et al. 1990 ), chemical oxidation (Namboodri et al. 1994 ) and adsorption (Nawar and Doma 1989; Waters 1979; Sankar et al. 1999) . Of these various methods, adsorption appears to provide a good alternative for the treatment of dye effluents.
It is well known that, as a polysaccharide, cellulose is the main component in plant residues and can adsorb dyes and metal cations from water due to the inherent adsorption and coulombic interactions which may occur between the cellulose surface and waste materials present in the aqueous phase. Such behaviour, together with the abundant availability of cellulosic materials, has drawn many research workers towards their use as adsorbents for dye removal (Kamel et al. 1991; Kamel 1993; Youssef 1993; Shi et al. 1999; Ibrahim et al. 1997; Beong and Ko 1998) .
To the best of our knowledge, however, dye removal using microcrystalline cellulose and its cationized form as derived from agricultural wastes has not been reported. Cellulose can be cationized *Author to whom all correspondence should be addressed. E-mail: elshishtawy@hotmail.com. by introducing amine or quaternary ammonium groups via hydroxy groups (Lewis and McIlroy 1997; El-Sakhawy and Milichovsky 2000) with the resulting cationized materials acting as anion exchangers for removing acids and direct dyes from wastewater. The work presented here was directed towards the preparation of cationized cellulose via the reaction of microcrystalline cellulose with 3-chloro-2-hydroxypropyl triethylammonium chloride with the optimum conditions for the reaction being determined. The IR spectra of cellulose and cationized cellulose are discussed and the ability of cationized cellulose to adsorb anionic dyes relative to cellulose examined.
EXPERIMENTAL

Materials
The microcrystalline cellulose employed, as supplied by Fluka, exhibited a loss on drying of ca. 5% and produced ca. 0.1% residue on combustion. The various other reagents were of laboratory grade and used without further purification. Acid Orange 7, Direct Blue 75 and Direct Violet 31 were kindly supplied by Ismadye Co., Egypt and were not purified prior to use.
Preparation of cationizing agent
3-Chloro-2-hydroxypropyl triethylammonium chloride was prepared according to the method of Beong and Ko (1998) by adding 101 g (1 mol) triethylamine (TEA) into a three-necked flask equipped with a condenser, thermometer and dropping funnel, and then dropping 100 ml hydrochloric acid (37%, 1 mol) into the flask over a period of 1 h at 30ºC under slow stirring. Then 92.5 g (1 mol) epichlorohydrin (ECH) was added and the reaction mixture stirred vigorously for 8 h at 40ºC. Following this procedure, the reaction mixture was evaporated under vacuum at 30ºC and the unreacted reagents removed by five repeated washings with ether.
Cationizing procedure
Microcrystalline cellulose (1 g) was well mixed with the required amount of NaOH and allowed to stand for ½ h in a 100 ml Erlenmeyer flask. The required amount of cationizing agent was added to the flask to attain an appropriate liquor ratio in the range 3:1-15:1. The resulting reaction mixture was maintained in a thermostatted water bath at a specified temperature and reaction time. After completion of the reaction, the resulting mixture was neutralized by treatment with ethanol acidified with HCl (~3 v/v%), the precipitated product being washed several times with an ethanol/ water mixture (80:20), followed by acetone and then dried in an electric oven at 60ºC for 1 h.
Adsorption of anionic dyes
The corresponding isotherms were obtained by the batch method using 100 mg of cellulose and/or cationized cellulose and 25 ml of the dye solution at different concentrations. The resulting suspensions were equilibrated in a water bath at 25ºC or 50ºC for 60 min with agitation. The equilibrated dye suspensions were centrifuged for 5 min at 4000 rpm and the residual dye concentration in the supernatant liquids analyzed spectrophotometrically at the maximum wavelength of the dye concerned employing an appropriate calibration curve.
Analyses
The extent of cationization was followed by determining the percentage nitrogen in the samples employing a micro Kjeldahl method. FT-IR spectra were recorded on a Perkin-Elmer Spectrum 1000 spectrophotometer over the 4000-400 cm -1 spectral range using the KBr disc technique. The absorption spectra of the aqueous dye solutions were recorded using a Shimadzu UV-vis spectrophotometer.
RESULTS AND DISCUSSION
Cationization of microcrystalline cellulose
The microcrystalline cellulose was chemically modified according to the reaction sequence depicted in Scheme 1. Thus, as for 3-chloro-2-hydroxypropyl trimethylammonium chloride (Shi et al. 1999 ), 3-chloro-2-hydroxypropyl triethylammonium chloride loses HCl under alkaline conditions and forms glycidyl triethylammonium chloride which reacts with the hydroxy groups of cellulose to afford the cationized material. Table 1 lists the effect of the liquor ratio in the range 3:1-15:1 on the percentage nitrogen present in the cationized cellulose. It will be seen that the nitrogen present increased from 0.665% to 0.922% on increasing the liquor ratio from 3:1 to 5:1 and then decreased as the ratio was increased further. For this reason, a liquor ratio of 5:1 was employed as the optimal value. The increase in the percentage nitrogen present in the cationized cellulose demonstrates the role of the liquor ratio in the cationization process, the critical amount necessary for the reaction indicating the importance of diffusion and absorption of the cationizing agent into the macromolecular cellulose. On the other hand, the decrease in the nitrogen percentage when the liquor ratio was increased above the optimal value may be interpreted in terms of the dilution of the reaction medium which not only leads to a lower collision probability between the reactants but also to an increase in the rate of hydrolysis of the epoxide ring in the cationizing agent. 
Scheme 1
Effect of liquor ratio
Effect of NaOH concentration
The influence of different NaOH concentrations in the range 0.625-25 mmol on the nitrogen percentage in the cationized cellulose is also listed in Table 1 . The data show that the nitrogen percentage increased from 0.500% to 0.922% when the alkali concentration was increased from 0.625 mmol to 5.000 mmol but then declined as the NaOH concentration was increased further. For this reason, an NaOH concentration of 5.000 mmol was employed for the cationization process. The decrease in the nitrogen percentage in the cationized cellulose at higher NaOH concentrations may be attributed to the hydrolytic effect of the alkali on the epoxy groups formed leading to a lower extent of reaction.
Effect of cationizing agent concentration
The dependence of the percentage nitrogen in the cationized cellulose on the concentration of the cationizing agent over the range 2.45-9.79 mmol is also listed in Table 1 . The data show that this percentage increased significantly with cationizing agent concentration over the range studied which may be attributed to the greater availability of cationizing molecules in the proximity of the cellulose macromolecules at higher concentrations of cationizing agent.
Effect of reaction time
The dependence of the nitrogen percentage in the cationized cellulose on the reaction time (15-180 min) was also examined. The corresponding data listed in Table 1 show that the percentage increased on increasing the reaction time up to 1 h and then remained at approximately the same level for higher reaction times. This is a direct consequence of the favourable effect of time on the diffusion and absorption of cationizing agent into the cellulose macromolecules. Table 1 lists the effect of temperature (30-90ºC) on the nitrogen percentage of the cationized cellulose. Enhancement of this percentage on increasing the reaction temperature to 70ºC may be associated with the favourable effect of temperature on the kinetics of the cationizing reaction. However, further increases in temperature appear to favour hydrolysis of the epoxy group of the cationizing agent thereby leading to a lower nitrogen percentage in the resulting cationized material.
Effect of temperature
Infrared spectra
Previous workers (El-Sakhawy and Milichovsky 2000; Roy et al. 1987 Roy et al. , 1991 Pandey 1999) have reported that IR spectroscopy is a useful tool for investigating the fine structure of cellulose and chemically modified cellulose. The IR spectra of cellulose and quaternized cellulose are shown in Figure 1 where the difference in the fingerprint region and the appearance of an asymmetric peak at 840 cm -1 corresponding to an N + -C stretching vibration in the spectrum of the cationized cellulose provide evidence for the success of the cationizing reaction conducted.
Adsorption of anionic dyes
Cationizing microcrystalline cellulose under the optimum conditions described above led to a material exhibiting 0.87% nitrogen content. This was milled to obtain particles from the initial cellulose and the cationized variety of approximately equal size (ca. 150 m). These materials were used as adsorbents for the anionic dyes ( Figure 2 , Table 2 ) from aqueous solution. The interactions between the dye molecules and the adsorbent surfaces could be attributed to van der Waals forces, hydrogen bonds and/or ion-ion interactions.
Effect of contact time
The results of such studies are depicted in Figure 3 which indicates that equilibrium was rapidly attained in all cases over a short period of time (ca. 5 min). 
Equilibrium adsorption
Figures 4 and 5 show the equilibrium adsorption isotherms for the various dyes studied on cellulose and cationized cellulose at 25ºC and 50ºC, respectively, employing different initial dye concentrations (200-1000 mg/l). As expected, the cationized cellulose was highly effective in removing anionic dyes from aqueous solution, whereas cellulose itself was less effective. This behaviour may be attributed to coulombic attraction between the cationized cellulose and the anionic dyes, whereas coulombic repulsion would occur in the case of cellulose as a result of the partial negative charge developed on the surface in aqueous solution (McKay et al. 1987) . The influence of temperature on the adsorption of Acid Direct 7 and Direct Violet 31 on cellulose (Figure 4) shows that adsorption generally decreased with increasing temperature in these cases. This phenomenon may be attributed to increased desorption at higher temperatures. However, a different situation was observed with Direct Blue 75 (Figures 4 and 5) , especially in the case of cationized cellulose, where increasing temperature had a positive effect on dye adsorption. This may be attributed to the increased size of the dye molecule, with increasing temperature leading to an increase in the rate of diffusion of the dye molecule thereby allowing a better build-up of the dye on the adsorbent surface. Finally, it should be noted that the effect of temperature on the adsorption of anionic dyes on cationized cellulose was quite low.
Langmuir and Freundlich isotherms
The procedure most frequently employed for studying adsorption processes consists of measuring the relationship between the concentration of the solution associated with the solid (Q e , mg/g) and the equilibrium concentration in the aqueous phase (C e , mg/l). The Langmuir and Freundlich isotherms are the best known models for determining the adsorption parameters (Allen et al. 1989 ).
The equations for the isotherms may be written as:
C e /Q e = 1/K L + (a L /K L )C e (Langmuir isotherm)
log Q e = log K F + 1/n log C e (Freundlich isotherm)
where a L is the Langmuir isotherm constant (l/mg), K L is the Langmuir equilibrium constant (l/g), K L /a L is the maximum adsorption capacity (q max ), K F is the Freundlich isotherm constant while n is a constant incorporating factors such as the adsorption capacity and the intensity of adsorption. Figures 6-8 illustrate the linear plots obtained when the adsorption data for the various dyes studied were plotted in terms of the Langmuir equation (1), the adsorption parameters calculated from these plots being listed in Table 3 . It will be seen from the data that the maximum adsorption capacities (q max ) for the anionic dyes on cationized cellulose extended from 2-to 7-times greater than those for adsorption of the same dyes on cellulose, and were much higher than those for other cationized materials (Shi et al. 1999; Laszlo 1996) . This increase in the value of q max provides a clear indication of the presence of positive sites on the adsorbent surface leading to attraction of the anionic dye molecules and an increasing build-up of dyes on the adsorbent.
The influence of temperature on the adsorption process is demonstrated by the values of q max at 25ºC and 50ºC, respectively. Thus, the values at 50ºC for Direct Violet 31 and Direct Blue 75 on cationized cellulose were ca. 3% and 19% greater relative to the corresponding values at 25ºC, whereas with Acid Orange 7 that at 50ºC was ca. 28% less than the value at 25ºC. These results emphasize the effect of dye structure and the number of sulphonic groups in the dye molecule on the adsorption properties. Hence, the Acid Orange 7 molecule contains only one sulphonic group and has a relatively small structure so that an increase in temperature causes desorption rather than adsorption. In contrast, the molecule of Direct Blue 75 contains four sulphonic groups and has a larger structure than that of Direct Violet 31 whose molecule contains only two sulphonic acid groups. This demonstrates that the higher the sulphonic group content in the dye molecule and the larger its size, the more favourable is that molecule towards adsorption and the higher its diffusion rate as the temperature increases. In order to compare the adsorption capacity of Acid Orange 7 at different temperatures on cationized cellulose and cellulose, the adsorption data were analyzed using the Langmuir equation (1). Although this isotherm equation gave a reasonable fit for the data for cationized cellulose at 25ºC and 50ºC ( Figures 6-8 and data in Table 3 ), it failed to provide a similar correlation to the adsorption data on cellulose. For this reason, the adsorption data for Acid Orange 7 on both adsorbents were analyzed by the Freundlich equation (2) when the linear plots depicted in Figure 9 were obtained. The corresponding parameters derived from these plots are summarized in Table 4 and indicate that the adsorption capacity for this dye molecule was much higher on cationized cellulose than on cellulose itself. The fact that the values of 1/n are less than unity in all cases with the exception of uncationized cellulose at 50ºC provides a clear indication for favourable adsorption in these particular cases. Figure 9 . Freundlich adsorption plots for Acid Orange 7 on cellulose and cationized cellulose at 25ºC and 50ºC: , cationized cellulose at 50ºC; , cellulose at 50ºC; , cationized cellulose at 25ºC; , cellulose at 25ºC. Full straight lines drawn correspond to the following linear equations: cationized cellulose at 25ºC, y = 0.499x + 1.2362, R 2 = 0.9582; cellulose at 25ºC, y = 0.8349x + 0.0985, R 2 = 0.9648; cationized cellulose at 50ºC, y = 0.3895x + 1.3382, R 2 = 0.9535; cellulose at 50ºC, y = 1.2801x -1.9042, R 2 = 0.8856. 
CONCLUSIONS
Microcrystalline cellulose was cationized by treatment with 3-chloro-2-hydroxypropyl triethylammonium chloride in the presence of sodium hydroxide. The quantitative adsorption of various anionic dyes, viz. Acid Orange 7, Direct Blue 75 and Direct Violet 31, was studied both on cellulose and on the prepared cationized material. Cationization considerably enhanced the adsorption capacity of cellulose towards the dyes concerned, the process being slightly affected by temperature.
Because of the abundant nature and biodegradability of cellulosic materials which would eliminate problems associated with regeneration and disposal, the use of cationized cellulose for anionic dye removal from wastewater effluent associated with textile manufacture is recommended.
